Abstract. The purpose of this study is to determine whether sodium alginate solutions' rheological parameters are meaningful relative to sodium alginate's use in the formulation of calcium alginate gels. Calcium alginate gels were prepared from six different grades of sodium alginate (FMC Biopolymer), one of which was available in ten batches. Cylindrical gel samples were prepared from each of the gels and subjected to compression to fracture on an Instron Universal Testing Machine, equipped with a 1-kN load cell, at a cross-head speed of 120 mm/min. Among the grades with similar % G, (grades 1, 3, and 4), there is a significant correlation between deformation work (L E ) and apparent viscosity (η app ). However, the results for the partial correlation analysis for all six grades of sodium alginate show that L E is significantly correlated with % G, but not with the rheological properties of the sodium alginate solutions. Studies of the ten batches of one grade of sodium alginate show that η app of their solutions did not correlate with L E while tan δ was significantly, but minimally, correlated to L E . These results suggest that other factors-polydispersity and the randomness of guluronic acid sequencing-are likely to influence the mechanical properties of the resultant gels. In summary, the rheological properties of solutions for different grades of sodium alginate are not indicative of the resultant gel properties. Interbatch differences in the rheological behavior for one specific grade of sodium alginate were insufficient to predict the corresponding calcium alginate gel's mechanical properties.
INTRODUCTION
Sodium alginate is a linear unbranched, amorphous copolymer composed of β-D-mannuronic acid (M) and α-Lguluronic acid (G) linked by 1→4 glycosidic bonds. The M and G units in the alginates may be randomly or nonrandomly organized as heterogeneous or homogeneous sequences (Fig. 1) . Commercially available sodium alginate is usually extracted from various seaweeds. The chemical composition and sequence distribution of sodium alginate depends on the species and parts of the seaweed employed for extraction (1) . Chemical compositions for sodium alginate extracted from some common seaweed species are listed in Table I (2). Sodium alginate is widely used as a gelling agent due to its ability to form gels under mild conditions with divalent cations such as calcium. Calcium alginate gels have been used in wound dressings, dental impression materials, controlled release drug delivery systems, and the encapsulation of living cells (3) (4) (5) (6) . The ionotropic gelation of sodium alginate with calcium cations is conventionally described by the "egg-box" model, where calcium cations interact with guluronic acid monomers in the cavities formed by pairing up of the G sequences of the alginate molecular chains (Fig. 2) (7, 8) . Recent studies on calcium alginate gel formation reveal three distinct and successive steps of calcium binding to alginate with increasing calcium concentration: (1) interaction of calcium with a single G monomer; (2) formation of egg-box dimers; and, (3) lateral association of dimers to form multimers (9) . The G sequence and molecular weight of sodium alginate determine the association modes of dimers and multimers of the resultant calcium alginate gels (9) .
Since sodium alginate is extracted from seaweed, commercial pharmaceutical grade alginates can be expected to be heterogeneous due to the differences in seaweed species, seaweed parts employed, harvesting location, and the har-vesting season. As a result, sodium alginates from different manufacturers are unlikely to exhibit the same properties. Furthermore, the alginates provided by a specific manufacturer may be expected to show batch-to-batch variations.
Pharmaceutical excipients are required to adhere to specifications listed in their monographs in US PharmacopeiaNational Formulary. Each batch or lot of the excipient is tested by the excipient manufacturer to ensure compliance with the monograph specification; each shipment of the excipient would be accompanied by the manufacturer's certificate of analysis (CoA). However, pharmacopoeial specifications for sodium alginate make no mention of the viscosity of sodium alginate's solutions, even though the viscosity of its solutions is directly influenced by alginate molecular weight, M or G composition, and solution concentration. The manufacturer's CoA often provides viscosity data for sodium alginate solutions but seldom reports % G values for each batch. However, even when the manufacturer's viscosity data is provided, it is a "one-point" value, i.e., determined at one concentration, one shear condition, and one temperature. Consequently, this datum may not reveal relevant rheological information regarding sodium alginate's behavior in alginate-containing formulations.
Previous studies on calcium alginate gels have shown that gel strength is influenced by both molecular weight and % G of the sodium alginate: higher molecular weights or higher % G are associated with stronger gels (10) (11) (12) (13) (14) (15) . For those sodium alginates with similar % G, it was reported that higher molecular weights or higher solution apparent viscosities correlated with higher calcium alginate gel strength (12, 14, 15) . However, no quantitative relationship among apparent viscosity, gel strength, molecular weight, and/or % G was proposed or suggested. Furthermore, most of the sodium alginates employed in these studies were not pharmaceutical grades.
Earlier work in our laboratory (paper accepted by AAPSPharmSciTech for publication) demonstrated that rheological methods are capable of differentiating among multiple pharmaceutical grades and batches of sodium alginate varying in average molecular weight and chemical composition. Furthermore, the "one-point" viscosity values reported in the CoAs do not reflect the inter-batch variability in the solutions' apparent viscosities at 2% w/w. The purpose of this work is to determine whether sodium alginate solutions' rheological parameters are meaningful relative to the subsequent use of the various sodium alginates in the formulation of calcium alginate gels. Calcium alginate samples were prepared from 2% w/w solutions of the six grades and ten batches of sodium alginate previously studied. Gel properties were evaluated by compression using an Instron Universal Testing Machine and the correlation between the gel properties and the solution properties of sodium alginate was investigated.
MATERIALS
Six grades (one batch each) and ten batches of one of the grades of sodium alginate were provided by FMC Biopolymer Tables II and III, respectively. Deionized water was obtained from a Milli-Q ultrapure water system (Millipore Corp., Billerica, MA, USA). Calcium phosphate dibasic dihydrate and gluconic acid-δ-lactone were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as supplied.
METHODS

Rheological Measurements of Sodium Alginate Solutions
The procedures employed in generating the steady shear and small amplitude oscillatory data for the sodium alginate solutions were described in our previous paper (accepted by AAPSPharmSciTech for publication).
Calcium Alginate Gel Preparation
Sodium alginate gels were prepared by the "internal gelification" method (14, 16) : an amount of calcium ion equivalent to one half the alginate monomer molar content (n ca 2+ =1/2 n monomer 1 ) was thoroughly dispersed in 2% w/w sodium alginate solutions. The dispersions were mixed at 2,000 rpm for 2 min via a Thinky Mixer (Model ARM 310, Thinky USA, Laguna Hills, CA, USA) to remove air bubbles. By adding equivalent molar amounts (n=n Ca 2+ ) of gluconic acid-δ-lactone to the dispersion under vigorous stirring, calcium ions were slowly released into the solution. The resultant dispersions were quickly poured into a 24-well plate (Falcon® 3047 Multiwell™, Becton Dickinson Labware, Franklin Lakes, NJ, USA) and stored at room temperature for 24 h. Cylindrical gel samples were formed inside the wells (∼15 mm in diameter×17 mm in height).
Mechanical Tests of Gels
Cylindrical gel samples were subjected to compression to fracture at a cross-head speed of 120 mm/min on an Instron Universal Testing Machine (model 5800) equipped with a 1-kN load cell (Instron, Norwood, MA, USA) (Fig. 3) . Instron software, Bluehill®2, was used to operate the instrument and collect data. The cross-head and base were both covered with sandpaper (fine grade 150, 3 M, St. Paul, MN, USA) to prevent gel slippage between the platens. All tests were replicated six times, and the mean values and standard deviations calculated.
Data Analysis
During compression, the cylindrical gel sample became barrel-shaped. Nonetheless, the cross-sectional area between the gel sample and the platens was assumed to be constant. The instantaneous values of applied force F(t) and sample height H(t) were converted into engineering stress, σ E , and engineering strain, ε E , as follows:
where A 0 is the cross-sectional area between the sample and the platen, and H 0 is the initial height of the cylindrical gel sample. 1 The number of moles of sodium alginate monomers (n monomer ) can be calculated as m alginate /(198 g/mole). The stress-strain relationship was fitted by a power-law model (17) :
where k is the rigidity constant, indicative of the stiffness of the gel, while n is the degree of stress-strain curve concavity. Deformation work at gel fracture (L E ), per unit volume, is calculated as the area under the stress-strain curve:
Statistical Analysis
The differences in calcium alginate gel properties among the various grades and batches were analyzed via analysis of variance (ANOVA) and Levene's test for homogeneity of variance using PASW Statistics 18 for Windows (SPSS Inc., Chicago, IL, USA). Post hoc testing (p<0.05) of the multiple comparisons was performed by either the Tukey's honestly significant difference test or Games-Howell test depending on whether Levene's test was insignificant or significant, respectively. Partial correlation tests for gel properties and rheological properties of sodium alginate solutions were conducted using PASW Statistics 18 for Windows (SPSS Inc., Chicago, IL, USA).
RESULTS AND DISCUSSION
Grades of Sodium Alginate
All gel samples exhibited syneresis after 24 h at room temperature. The actual alginate concentration in the gel samples was estimated taking into account the loss of free water. The actual and nominal concentrations are quite similar among the six grades of sodium alginate; their ratio averaged 1.06±0.02, similar to the ratio reported by Mancini et al. (14) for their calcium sodium alginate gels. The observed stress (σ E )-strain (ε E ) relationships for the calcium alginate gels prepared from the six grades of sodium alginate were concave as shown in Fig. 4 . Table IV summarizes the engineering strain (ε E ), stress (σ E ), and deformation work (L E ) at gel fracture along with empirical parameters k and n determined in accordance with Eq. 3 by nonlinear regression analysis (r 2 >0.99) via GraphPad Prism (version 5, GraphPad Software, Inc., La Jolla, CA, USA).
The differences in the stress-strain profiles among the six grades of sodium alginate are reflected in their log k and n values. All of the gels prepared from the six grades of sodium alginate demonstrated strain-hardening compressive behavior with n values larger than one. This behavior has been reported in previous studies (14, 16) and could be the result of the densification of the cross-linked junctions in the calcium alginate gels (18) . Generally, n values correlate with log k values, indicating that gels with higher stiffness are also more strain-hardening.
The σ E and L E at gel fracture correlate with the stiffness of the gel as reflected in the log k values: gels with high log k values also have high fracture stresses/deformation work. The ε E , σ E , and L E at gel fracture range from 0.52 to 0.61, 123 to , respectively, among the six grades of sodium alginate. ANOVA and post hoc multiple comparisons tests of the L E at gel fracture among the six grades reveal that grades 5 and 6 are not significantly different from each other while the other grades do differ significantly from one another.
The relationship of calcium alginate gel strength (L E ) to the% G of sodium alginate and the rheological properties (η app and tan δ) of the sodium alginate solutions reported in our previous paper (accepted by AAPSPharmSciTech for publication) was analyzed by partial correlation tests via PASW Statistics 18. Among the grades with similar % G, i.e. grades 1, 3, and 4, there is a significant correlation between L E and η app (r=0.696, P=0.003). However, the results for the partial correlation analysis for all six grades of sodium alginate show that L E is significantly correlated with % G (r=0.781; P<0.01), but not with the rheological properties of the sodium alginate solutions.
Multiple Batches
Gel samples prepared from multiple batches of sodium alginate exhibited syneresis after 24 h at room temperature. The ratio between the actual and nominal concentration is almost the same among the multiple batches (1.08±0.03). Gel compression properties of the ten batches are shown in Fig. 5 and Table V. The ε E , σ E , and L E at gel fracture range from 0.54 to 0.58, 265 to 393 kPa, and 37 to 55 kJ/m 3 among these batches. The % G values for these batches determined by solid-state NMR are in the same range (37-41%) as shown in Table III . It would be expected that higher apparent viscosities would lead to higher gel strength. However, partial correlation tests indicate that L E is not significantly correlated with η app (r=0.001).
Our previous studies of the rheological properties of the ten batches of sodium alginate demonstrated that the η app of 2% w/w solutions at 25°C of batch A is significantly higher than that of the other batches. No significant differences are evident among the other nine batches (paper accepted by AAPSPharmSciTech for publication). However, batch A exhibits the second lowest gel strength (L E : 42.16 kJ/m 3 ) among the multiple batches. Batches J and K, which have relatively low apparent viscosities compared with other batches, exhibit much higher gel strength (L E , 55.08 and 54.84 kJ/m 3 ). As a result, the apparent viscosities of the sodium alginate solutions from multiple batches are not indicative of the resultant calcium Fig. 4 . Representative results for compressive engineering stress (σ E ) up to gel fracture as a function of engineering strain (ε E ) for cylindrical samples of calcium alginate gels prepared from six different grades of sodium alginate Table IV . Engineering Strain (ε E ), Stress (σ E ), Work of Deformation (L E ) at Gel Fracture, and Parameters (k and n) from the Stress-Strain Equation (Eq. 3) for Six Grades of Sodium Alginate Data were reported as mean±standard deviation calculated based on six replicates alginate gel strength as depicted in Fig. 6 . On the other hand, the viscoelastic behavior of the multiple batches demonstrates a significant, although minimal, correlation (Fig. 7, r=0 .426; P=0.001) between L E and tan δ. ANOVA test on L E values for the multiple batches demonstrated significant differences among batches (P<0.001). The subsequent multiple comparisons test yields the information on the pair-to-pair differences as summarized in Table VI Inadequate knowledge of the monomer sequence and distribution of the alginate molecular chains complicates the interpretation of these data (19) . While solidstate NMR can be used to determine the total amount of each monomer in intact sodium alginate powder, it cannot be easily used to determine the amounts of diad and triad sequences due to the broad linewidths and decreased resolution typically seen in amorphous materials. Even though solution NMR spectroscopy has been applied to determine the monad (G or M), diad (GG, MM, or MG), and triad (GGG, GGM, MGG, MGM, etc.) frequencies within the alginate molecule (20, 21) , it requires partial acid hydrolysis of the sodium alginate sample which could lead to sample alteration or loss of part of the polymer chain. Furthermore, assuming the data obtained from solution NMR were accurate, the monomer sequence length distribution can only be obtained by simulation assuming a statistical model for monomer distribution, which is usually an oversimplification of the biosynthesis of alginate (22) . Commercially available sodium alginates are very likely produced from different types or parts of seaweeds and blended together to achieve a final chemical composition. In these situations, NMR data with statistical models are not sufficient to depict the monomer sequence length distribution (23) .
It was reported that a minimum length of G sequence is required to form junction with divalent cations (about eight for calcium alginate gel at 20°C) and longer G sequence results in stronger gels (23) (24) (25) . In addition, molecular weight distribution of sodium alginate would influence the interac- Data were reported as mean±standard deviation calculated based on six replicates tions of dimers and multimers of the resultant calcium alginate gels (9) . The variability in G sequence and molecular weight distribution among these grades and batches may not be directly reflected in the rheological properties of sodium alginate solutions. Therefore, it is difficult to predict the calcium alginate gel properties based on the rheological properties of sodium alginate solutions. As a result, for calcium alginate gel formulations, e.g., calcium alginate hydrogels, microcapsules, etc., it is recommended that calcium alginate gel properties, such as deformation work at gel fracture, be used to define the design space.
CONCLUSIONS
The mechanical strength (i.e., L E ) of calcium alginate gels prepared from multiple grades is significantly correlated with % G of the corresponding sodium alginates. However, the rheological properties of solutions of these different grades of sodium alginate are not indicative of the resultant gel properties. For the one specific grade of sodium alginate available in multiple batches, inter-batch differences in the rheological behavior were insufficient to predict the corresponding calcium alginate gel's mechanical properties even though the viscoelastic behavior of the multiple batches demonstrated a significant, although minimal, correlation between L E and tan δ. As a result, the use of steady shear and SAO methods to characterize sodium alginate solutions do not offer adequate insight into the resultant calcium alginate gel properties. Other rheological methods such as extensional rheology may ultimately prove to be more effective and meaningful. In the interim, until additional studies are done, we recommend that calcium alginate gels' mechanical properties be measured directly in order to ensure interchangeability of new batches or lots of sodium alginate used in gel preparation. The letters in the cells correspond to significant differences in paired data for specific rheological outcomes or gel properties, as follows: a log η app , t tan δ, and g L E *No significant differences
